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ABSTRACT: Boron nitride nanotubes (BNNT) are poised to fill an electrically insulating, high temperature, high strength niche. Despite
significant progress over the past two decades, BNNTSs are not yet synthesized in high enough quantity and quality to permit their use in
engineering applications. The next necessary step to make BNNT's accessible for research and applications is to improve the availability of high
quality BNNTs. Here, we present a scalable bulk purification technique that yields high purity BNNTs. Bulk synthesized material is introduced
to a wet oxygen environment at elevated temperatures to remove elemental boron and hexagonal boron nitride impurities with a final yield of
purified BNNTs near 10 wt%. This process shows full removal of impurities, as observed by scanning electron microscopy, cryogenic
transmission electron microscopy, and high-resolution transmission electron microscopy. X-ray photoelectron spectroscopy and infrared
spectroscopy show minimal BNNT functionalization, while high-resolution transmission electron microscopy shows damage to large-diameter

BNNTs.

INTRODUCTION

Boron nitride nanotubes (BNNTs) exhibit high tensile
strength," high band gap (~6 eV)” independent of chirality,® high
thermal conductivity (~350 W/m-K)," high neutron absorption
cross-section for '°B,*° and resistance to oxidation in air with
experimental measurements of stability ranging from 750 °C’ to
900 °C.* These characteristics have been exploited in polymer and
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metal composites to improve mechanical properties”** and to

shield satellites and astronauts from neutron radiation.’*'* BNNTs

also have potential to be used as dielectrics in nanoelectronics'>'¢

and development for medical imaging.”"®

However, only applications that require small amounts or low
purity BNNT's have been possible due to difficulties in synthesis,
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purification, and processing."” Chemical vapor deposition
template-based growth techniques™** produce BNNTs with few
impurities, but are still limited to milligram quantities. Recent
advances in production through laser synthesis at high
temperatures and pressures (HTP)* and plasma techniques™?
greatly improved the BNNT quality and production rate to gram-

scale quantities, but contain impurities such as hexagonal boron
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nitride (h-BN) and elemental boron.””*® These impurities limit the
thermal conductivity and mechanical strength imparted by
BNNTs when used in composites.”*** Impurities are also
expected to prevent the formation of an alll BNNT liquid crystal
phase, which is needed for wet fiber spinning.*

While techniques to remove elemental boron without damaging
the BNNTSs are known,* the chemical similarities between h-BN
and BNNTs make selective removal of h-BN difficult. The
reported purification methods rely on preferentially dispersing
BNNTs over h-BN in a solvent followed by multiple centrifugation
cycles.'"®**' These methods often require sonication to disperse
the BNNTSs, which has been shown to damage the BNNTs,* and
are limited to batch processing with relatively low-yield even in the
cases where sonication is not required.

In this study, we apply a similar approach as the one used to
oxidize elemental boron at elevated temperatures® to purify the
BNNTs synthesized by the HTP method.”” Previous studies
indicate that h-BN preferentially reacts along the edges rather than
on the basal plane at 900 °C in dry air.® In both h-BN and BNNTs,

local defects,'>** vacancies, "

edges, dangling bonds,"**** and



dopants® increase the reactivity with neutral and charged reagents
due to bond frustrations. We propose that #-BN particles in the as-
synthesized material have a higher (hk0) surface-to-volume ratio
than crystalline BNNTSs, consequently having a greater number of
frustrated bonds which will react at a lower temperature than
BNNTs.

EXPERIMENTAL

Wet Thermal Processing Setup

Figure 1 shows a schematic of the setup used to purify raw
BNNTs. Pure oxygen and/or nitrogen with controlled flow rate
(using flow meters 1 and 2) flows into the tube furnace (7) via a
source of hot water at 90 °C (6) while valve 3 remains open. A
bypass valve (4) was used to provide an alternative path for dry
oxygen or nitrogen to reach the tube furnace. The stainless-steel
tube (6) between the water bubbler and furnace was heated using
a heating tape at 90 °C to ensure no loss of steam due to
condensation. An alumina crucible containing the sample (h-BN,
precipitates, or raw BNNTs) was placed at the center of the tube
furnace (7), which was plugged with refractory blocks on either
end to minimize heat loss, for 24 h at the maximum processing
temperature. The cooled effluent gas was filtered through water
(9) and vented to atmosphere (10). An empty flask (8) prevented
water from entering the furnace.
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Figure 1. Schematic of the purification setup

Initial experiments on h-BN and precipitates of raw BNNTSs
obtained via density-driven separation in chlorosulfonic acid
(CSA)* provided initial gas flow rates, times, and temperatures for
analyzing as-produced BNNTs. Experiments on the reaction
temperature and time were conducted using 50 mg of as-produced
BNNTs. The purification process was assessed by the mass yield
in weight percent (wt%), morphology, elemental analysis, and IR
spectra of the unpurified and purified product. Details on
purification of h-BN and precipitates are shown in the Supporting
Information sections S1 and S2.

Scanning Electron Microscopy

The product from the reaction at different temperatures was
transferred to carbon tape for scanning electron microscopy
(SEM). Because BNNT are insulating, a S nm thick layer of gold
was sputtered (Denton Vacuum Desk V) onto the samples in
order to avoid charging. Images were collected using an FEI
Quanta 400 Scanning Electron Microscope with a 5 kV field, 2.0
nm spot size, and 3.0 mm working distance.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out using
a Phi-Quantera spectrophotometer. Samples were freeze-dried
under vacuum and annealed at 280 °C to remove adventitious
carbon prior to characterization. X-rays from an aluminum source
were used with 45.3 W power and a 200 pim spot size. Survey scans
on the samples used an X-ray pass energy of 140 eV with a
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collection time of 80 ms per point with binding energies 1100 - 0
eV and a step-size of 0.5 eV. Elemental scans used an X-ray pass
energy of 26 or 69 eV with a collection time of 200 ms per point
and a step-size of 0.1 eV. Due to surface inhomogeneity in
specimen thickness and overcharging in the samples, the peak
positions for boron, nitrogen, and oxygen were shift-corrected to
190.7 eV for Bls peak, 398.2 eV for N1s peak, 533.3 eV for Ols
peak, and 285.9 eV for Cls peak. Gaussian deconvolutions were
performed using PHI Multipak, Version 9.5.0.8 on each spectrum
and normalized to discern chemical compositions. This procedure
minimizes contributions from specimen thickness and
overcharging to permit direct comparison of spectra. All peak
comparisons were done in reference to the Handbook of X-ray
Photoelectron Spectroscopy*® and the National Institute of
Science and Technology X-ray Photoelectron Spectroscopy
Database.” Details on the deconvolutions are provided in the
Supporting Information section S3.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA, TA Instruments Q-600)
was conducted on raw BNNTs (5.6 mg) and the reaction products
after wet thermal etching at 500 °C (3.7 mg), 675 °C (1.3 mg), 705
°C (0.9 mg), and 715 °C (0.4 mg). The temperature was ramped
from 50 °C to 120 °C at 10 °C/min, held for 40 min to desorb
moisture, then ramped to 1100 °C at 5 °C/min. Dry air was
continually flowed across the samples at 100 ml/h while heating.

Infrared Spectroscopy

0.15 mg of solid sample was ground with 300 mg of KBr using a
mortar and pestle. The samples were dried at 115 °C for 48 h then
pressed into a disc. Solid samples were analyzed (Nicolet FTIR
iS50-FT-IR) with a KBrbeam splitter and detector. 128 scans from
400 - 4000 cm ™" with 4 cm™ resolution were averaged, and then
the background data was subtracted. The spectra were normalized
to the #-BN longitudinal vibration mode at 1364 cm™.

Cryogenic Transmission Electron Microscopy

Cryo-TEM was performed with a Tecnai T12 G electron
microscope equipped with a LaBs electron gun and operated at an
accelerating voltage of 120 kV. Specimens were first allowed to
reach temperatures below —178 °C in a Gatan 626 (FEI) cryo-
holder inside the microscope prior to imaging. Electron-beam
radiation damage to nanotubes was minimized by examining the
cryo-specimens using the low-dose imaging mode. Images were
recorded digitally by a Gatan US1000 CCD camera, using the
Digital Micrograph software.

High Resolution Transmission Electron Microscopy

Transmission electron microscopy (TEM) of the reaction
products was conducted in order to qualitatively assess the
presence of impurities and to determine damage incurred by the
BNNTs through the purification process. To prepare thin films for
TEM imaging, the reaction products were thinned by successive
tearing between two pieces of tape. Once a sufficiently thin sample
was obtained, tape residues were removed by rinsing with acetone
and chloroform. The sample was then collected onto a copper grid.
TEM was carried out using a JEOL 2100F field-emission TEM at
an accelerating voltage of 200 kV. To reduce charging problems
during TEM imaging, the largest spot size available was used for
imaging in order to limit electron dose. A fine mesh size (> 2000)
copper grid aided in charge dissipation due to the increased chance



that imageable parts of the sample would lie next to the electrically
conducting grid.

RESULTS AND DISCUSSION

Reaction Mechanism

Scheme 1 describes the reactions involved in the wet thermal
processing. At all temperatures explored in this report, elemental
boron reacts with oxygen or steam to form boron oxide.***
Metaboric acid ((BOH);053) is formed as boron oxide encounters
water in the form of steam.®® Exposure to excess steam reacts with
metaboric acid to form gaseous boric acid (B(OH)s;). As boric acid
gas is carried away as effluent, more surface is exposed for further

reaction.

Scheme 1. Reactions involved in the wet thermal etching of
boron and boron nitride polymorphs.

4Bys) + 30, > 2B,05 )
4Bys) + 6H,0() — 2B, 03 ) + 6H,
3B,05,, + 3H,0(y — 2(BOH);05
HBO, ) + H,0( —~ B(OH);
BN(s) + 3H,0(g) — B(OH); ) + NH;

Similarly, at sufficiently high temperatures, BN particles with
exposed defect sites react with oxygen to form boric acid and
ammonia.® After boric acid removal, further high-energy surfaces
are exposed for reaction. This continuous reaction between boron,
BN, oxygen, and steam etches the high surface area particles.
Similar to studies on carbon nanotube etching and purification,*"
% we predict that the (hk0) edges of h-BN are most reactive due to
a high concentration of dangling bonds;****>>* we also expect
higher reactivity of defect sites and ends of BNNTSs, which may

lead to BNNT shortening.

Mass Yield and SEM Analysis

The gray raw product synthesized by the HTP method turned
completely white after undergoing the wet thermal etching at 500
°C as shown in Figure 2 with 70 wt% yield. SEM on the product
shows that clusters of impurities remain after S00 °C etching (see
Supporting Information section S4, Figure S8), indicating that not
all impurities have been removed. Further removal of impurities
was studied at reaction temperatures ranging from 675 °C to 730
°C.

The mass yield versus reaction temperature is illustrated in
Figure 3. The initial yield of 25.3 wt% at 675 °C decreased to ~10
wt% for reaction temperatures of 700 °C to 710 °C. A yield of 5
wt% was obtained at 715 °C; the yield was below 2 wt% for higher
reaction temperatures. It is likely that single walled and defective
BNNTs are removed along with remaining 4-BN and boron oxide

at temperatures higher than 710 °C.

Figure 2. (a) As-received raw BNNTs. (b) Same raw BNNTs after wet
thermal etching at 500 °C.

Although the degree of purification varies from the surface to
the interior of the BNNT cluster, fewer impurity structures are
visible by SEM with increasing reaction temperature as shown in
Figure 3. Reactions at temperatures higher than 675 °C cause non-
nanotube structures to be removed, with decreasing concentration
of impurities as the temperature increases from 700 °C to 710 °C
(Figure 3b). All non-fibril structures observable by SEM were
removed from as-produced BNNTs at 715 °C and above (Figure
3c), leaving only a fibrous network of BNNTs.
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Figure 3. Mass yield in wt% of raw BNNTs undergoing wet thermal
etching for 24 hours with oxygen flowing at 100 sccm. Error bars
indicate error in the mass measurement. Error bars for 70S °C through
720 °C are smaller than the data point symbols. Insets: SEM images:
(a) As-received raw BNNTs. Products remaining after wet thermal
etching at (b) 705 °C and (c) 715 °C showing decreasing
concentration of impurities.

X-Ray Photoelectron Spectroscopy

Survey scans on raw BNNTs and after wet thermal etching
indicate the presence of boron, nitrogen, oxygen, and adventitious
carbon (see Supporting Information section SS, Figure S9). The
ratio of boron to nitrogen close to one indicates that the
stoichiometry of the remaining material is unchanged after
etching.” Quantitative values of the survey scans are tabulated in
the Supporting Information section S3, Table S1.

Figure 4 shows binding energies between 188 — 195 eV, 395 —
402 eV, 530 — 538 €V, and 283 - 290 eV for Bls, N1s, Ols, and
Cls respectively. Deconvolution of the as-synthesized material
data shows peaks arising from elemental boron at ~187.3 eV, BsO
at ~189.6eV,* BN at ~190.6 eV, B,N,0, at ~192.2 ¢V,* and B,O3
at ~193.4 eV.” A Bls peak due to elemental boron at 187.6 eV is
distinctly visible using X-Rays with energy of 69 eV (see
Supporting Information section S3, Figure S6).
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Figure 4. High resolution XPS spectra of BNNT products from
processing at different temperatures for the (a) B1s, (b) N1s, (c) Ols,
and (d) Cls peaks. (e) The area under the deconvoluted curves for
the B1s and N1s peaks.

Processing at S00 °C removes elemental boron (see Supporting
Information section S3). B.Os forms due to the oxidation of
elemental boron.” Although micrometer-sized boron particles
have an oxidation onset near 600 °C,”"" it has previously been
shown that nanoparticle boron reacts with oxygen below 500 °C
and hydrolyzes with steam at even lower temperatures.*** The
B,O:; species observed via XPS are anticipated to remain due to
kinetic limitations to volatilization.

Given the small concentration of oxygen measured in the survey
scans (<4%) and the minor contribution made by oxygen in the
Blsand N1selemental scans, there is only limited information that
can be gained from the weak signal in the Ols elemental scan.
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Additionally, overlap of the B,N,O, and CO peak positions prevent
direct determination of the amount of oxygen bonded to BN
species. Instead, deconvolution for the B and N1s peaks was used
to determine whether elemental boron or BN species react to form
B,O, and B:N,O,, respectively. The results are summarized in
Figure 4e. Evidently, the proportion of BN species generally
increases with processing temperature while the proportion of
B:N,O. species decreases. An increase in proportion of B.N,O,
species at 675 °C occurs due to reaction of highly defective h-BN
species with oxygen. The concentration of B.N,O, species stays
approximately constant for temperatures between 705 °C and 715
°C, corroborating the similar changes in mass observed in Figure
3. A significant drop in concentration of B.N,O. species is
observed after processing at 720 °C. It should be noted that peaks
obtained from the 720 °C process show high symmetry, indicating

highly uniform atomic bonds.
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Figure 5. TGA of raw BNNTSs and reaction products from wet thermal
processing at 500 °C, 675 °C, 705 °C, and 715 °C.
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Figure 6. Transmission IR spectra for h-BN, raw BNNTSs, and reaction
products from wet thermal etching at 500 °C, 675 °C, 705 °C, 710 °C,
715°C,720°C.

Thermogravimetric Analysis

TGA was used to assess the removal of boron and potential
changes to the stability of the BN polymorphs after wet thermal
processing. Data collected between 100 °C and 1100 °C for raw
BNNTs and after processing at 500 °C, 675 °C, 705 °C, and 715
°C are presented in Figure S.



Figure 7. TEM micrographs of BNNTs after wet thermal etching showing (a, b, ¢) individual BNNTSs, (d, e, f) aggregated BNNTSs, and (g, h, i) primary
impurities observed for each sample, including amorphous BN (black circles) and layered #-BN (white circles). (a, d, g) show the sample after
purification at 500 °C, (b, e, h) at 675 °C, and (c, f, ) at 715 °C.

Mass gain between 500 and 700 °C is only observed for raw
BNNT' s and not after wet thermal processing. Since the onset of
oxidation for boron is expected to be near 500 °C,’ this indicates
that all boron has been removed after wet thermal processing at
500 °C. All samples show a mass gain between 950 and 1000 °C of
approximately 35 to 40%.

Infrared Spectroscopy

The spectra measured from transmission infrared spectroscopy
are shown in Figure 6. The spectrum for h-BN shows only two
major peaks belonging to an in-plane longitudinal vibration (L) of
BN bonds at 1377 cm ™' and an out-of-plane vibration (R) at 815
cm™'7® An additional peak near ~1540 cm™ is observed for all
BNNT samples. Previous reports in the BNNT literature argue

S

that this peak is due to an in-plane tangential vibration (T) of BN
bonds along the circumference of BNNTSs and is an identifying
fingerprint for BNNTs.*”* However, calculations™ and
experiments” indicate a peak for h-BN at ~1540 cm ™. In the
current work, analysis of this peak is further complicated by the
presence of an ~2 a.u. shoulder at ~1620 cm™ that is considered an
artifact also seen in a blank KBr disk (see Supporting Information
section S6, Figure S10).

The sharp absorption peaks at ~970 cm™, ~1130 cm™', and
~1170 cm™ observed for as-synthesized BNNTS are attributed to
the presence of small amounts of boron oxide, boric acid, or
metaboric acid, formed when boron reacts with ambient oxygen
and water after synthesis.




Figure 8. Montage of TEM micrographs showing a BNNT from the sample processed at 675 °C sample. Scale bar is 20 nm.

These identified oxide peaks are not present for the processed
samples, reinforcing the observation that unbound boron oxide
species are removed during processing. A broad shoulder centered
near 1100 cm™ develops for all samples that undergo thermal
processing (including h-BN). To explain this broad shoulder, we
consider that boron oxynitrides have vibrational modes within the
same range as the soulder.” This shoulder does not decrease
significantly until 715 °C, indicating the possibility of BN surface
oxide functionalization and that the impurities observed by SEM
after processing at 705 °C and 710 °C may be composed of boron
oxynitrides.

TEM Analysis

Figure 7 shows typical TEM micrographs of the BNNT reaction
products at different wet etching temperatures. As evidenced by
Figure 7 (a-c), individual BNNT' can be observed in all samples.
A wide range of BNNT diameters is observed, from only a few nm
to almost 50 nm (see Figure 8). However, due to the presence of
impurities and BNNT bundling, the observation of fully
individualized BNNTs was a rare occurrence. The infrequent
observation made obtaining a statistically significant BNNT
diameter distribution considerably time-prohibitive.

Nevertheless, qualitative observations based on the
micrographs of Figure 7 may still be helpful in guiding process
optimization. For instance, comparison between Figure 7d and
Figure 7f shows that, qualitatively, the BNNT bundles become
cleaner as the purification temperature is increased. The presence
of amorphous BN material on the BNNT walls (also shown at the
highest temperature in Figure 7i) hinders the van der Waals
interactions between individual BNNTs and therefore the

formation of aligned fibrils, as observed previously in carbon
nanotubes (CNTs).

Comparison between Figure 7g and Figure 7h shows the
relative importance of the various types of impurities presentin the
BNNT samples. In Figure 7g, large quantities of amorphous BN
cover most of the sample’s surface, and some layered h-BN
structures are visible. In Figure 7h, however, these layered h-BN
impurities seem to be the dominant type of impurity present in the
sample. This is consistent with the results from XPS and TGA
above. In Figure 7i, the only type of impurity visible is a thin layer
of amorphous BN localized on the BNNT walls. We suspect that
this is the most challenging type of impurity to remove without
inducing oxidative damage to the BNNT walls.

Figure 8 shows a montage of ten TEM micrographs displaying a
multi-walled BNNT from the 675 °C sample over a length of a few
hundred nm. The montage shows how the nanotube’s walls are
progressively eliminated over the observed length of the tube. This
is likely due to oxidative damage to the BNNT walls, but it is
possible that this feature could also be a by-product of an imperfect
BNNT synthesis reaction.

Cryo-TEM Analysis

Impurities left after purification were imaged using cryo-TEM
with a large field of view to assess the relative concentration of
impurities to nanotubes. While preparing cryo-TEM grids,
purified BNNTs exhibited improved dissolution in CSA than raw
BNNTSs. BNNTs processed at 675 °C dispersed in CSA are shown
in Figure 9a (white arrow). The contrast formation mechanism of
BNNTSs in CSA is similar to that of CNTs in CSA.” Black spots
(black arrow) have a different morphology from the BNNTS,



200 nm

Figure 9. Cryo-TEM micrographs of BNNT products dissolved in CSA after processing at (a) 675 °C and (b) 715 °C. Black arrows point to byproducts
formed during synthesis that are dispersed in CSA. The white arrows point to BNNTs.

indicating synthesis byproducts, while the contrast along the
CSA/BNNT interface is enhanced due to CSA depletion during
cryo-specimen exposure to the e-beam.”® Most of the observed
BNNTs are filled with acid, indicating wall damage or opened
ends, as has been previously observed for CNTs” and BNNTs.*
Additionally, h-BN aggregates are visible, similar to those observed
when raw BNNTs are dispersed in CSA.*

Figure 9b shows BNNT processed at 715 °C dispersed in CSA
(white arrow). Nanotubes have a denser packing after treatment at
the higher temperature, with fewer non-nanotube particles
observed inside the BNNT network (black arrow), indicating
better BNNT dissolution in CSA. The difference in observed
impurities between 675 °C and 71S °C corroborates the FTIR
data, which indicated that h-BN non-nanotube compounds are
removed above 710 °C. BNNT dissolution after processing at 715
°Cisindicative of their pristine nature, similar to findings reported
for as-synthesized BNNTs.*

CONCLUSIONS

BNNTs synthesized in gram-scale quantities contain
considerable amounts of non-nanotube particles which can
negatively impact properties when used in composite applications.
These impurities consist of boron and h-BN particles formed as by-
products during synthesis. The wet thermal etching technique
developed in this work exploits the presence of higher number of
highly defective surfaces to preferentially remove h-BN at lower
temperatures than BNNTs. While SEM, cryo-TEM, XPS, and IR
spectroscopy indicate that impurities are preferentially removed
over BNNTSs, HR-TEM indicates that BNNT's with defect sites are
susceptible to damage. A maximum yield of ~10 wt% of pure
BNNT'’s was obtained using our experimental setup at a relatively
low temperature of 715 °C. It may be possible to further optimize
reactor and reaction conditions to increase the yield of pure
BNNTs. This method can be scaled up to purify gram-level BNNT

quantities continuously if used as a purification unit subsequent to
BNNT synthesis.
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